The term inflammatory bowel disease (IBD) encompasses two major forms: ulcerative colitis and Crohn\'s disease (CD), both of which are characterized by chronic or recurrent relapsing gastrointestinal inflammation.^[@bib1]^ Although a number of risk factors have been identified, IBD etiology and pathogenesis remain unclear. A peroxidation/antioxidation imbalance has been demonstrated in IBD development,^[@bib2],\ [@bib3]^ and this results in excessive reactive oxygen species (ROS) generation and oxidative stress. Such changes are able to induce the oxidative modification of proteins, thus causing structural and functional changes.^[@bib4]^ The recently discovered advanced oxidation protein products (AOPPs) are dityrosine-containing and cross-linking protein products formed during oxidative stress that are formed mainly by the reaction of plasma proteins with chlorinated compounds.^[@bib5],\ [@bib6]^

Increased plasma AOPP formation has been reported in patients with chronic kidney disease,^[@bib5]^ diabetes,^[@bib7]^ and chronic hepatitis C.^[@bib8]^ As a novel protein marker of oxidant-mediated protein damage, AOPPs participate in these pathophysiologic conditions. They are capable of inducing vascular endothelial dysfunction via a receptor for advanced glycation endproducts (RAGE)-mediated signaling pathway.^[@bib9]^ AOPPs have also been reported to induce overproduction of extracellular matrix and the fibrogenic factor transforming growth factor-*β*1. Furthermore, Zhou *et al.* reported that AOPP accumulation promotes podocyte apoptosis and depletion through RAGE.^[@bib10]^ Our recent study demonstrated that AOPPs inhibit the proliferation and differentiation of rat osteoblast-like cells via ROS generation and nuclear factor-*κ*B signaling.^[@bib11]^

Intestinal epithelial cells (IECs) are organized as a single cell layer that forms a contiguous lining and functional barrier that maintains gut structural integrity to separate the bowel wall from microbes and toxins.^[@bib12],\ [@bib13]^ IEC proliferation and death must be tightly regulated to maintain the structural integrity of the intestinal mucosal epithelium, and changing this balance can have pathological consequences. There is a growing body of literature showing that excessive cell death is associated with chronic inflammation, as seen in patients with IBD, and this could contribute to IBD pathophysiology.^[@bib14],\ [@bib15]^ Two major cell death pathways, the caspase-3 pathway and the recently identified caspase-independent pathway mediated by the activation of poly (ADP-ribose) polymerase-1 (PARP-1), lead to apoptotic cell death following ischemia, inflammatory injury, and ROS-induced injury.^[@bib15],\ [@bib16]^ Although previous studies have revealed that oxidative stress results in plasma accumulation of AOPPs in IBD,^[@bib17],\ [@bib18]^ the effects of AOPPs on IECs remain unclear. It is unknown whether AOPPs affect IEC proliferation and death or intestinal tissue injury. Moreover, there is no information regarding the possible deposition of AOPPs in the intestinal tissue of patients with IBD. In the present study, we determined the effects of AOPPs on IEC death both *in vitro* and *in vivo* and investigated the cellular pathway underlying the pro-apoptotic effect of AOPPs.

Results
=======

Increased extracellular AOPPs triggered IEC apoptosis *in vitro*
----------------------------------------------------------------

To determine whether AOPPs accumulation induces IEC apoptosis, we subjected conditionally immortalized IEC-6 cultures to increasing concentrations of AOPP-rat serum albumin (RSA) for 48 h or 200 *μ*g/ml of AOPP-RSA for increasing times. Healthy IEC-6 cultures contained intact nuclei, but AOPP-RSA-treated cells exhibited nuclear condensation followed by fragmentation ([Figure 1a](#fig1){ref-type="fig"}). Quantitative fluorescence-activated cell sorting (FACS) analysis of fluorescein isothiocyanate (FITC)-annexin-V/propidium iodide (PI) staining showed that AOPP-RSA caused IEC-6 apoptosis in a concentration- and time-dependent manner compared with cells cultured in control medium and treated with unmodified RSA ([Figures 1b−d](#fig1){ref-type="fig"}).

AOPP-triggered apoptosis was mediated by NADPH oxidase-dependent ROS production
-------------------------------------------------------------------------------

Previous studies demonstrated that intracellular ROS mediate AOPP-induced podocyte and mesangial cell apoptosis.^[@bib10]^ Therefore, we examined intracellular ROS levels in AOPP-treated IEC-6 cultures; dichlorofluorescein (DCF) fluorescence in the FITC/FL-1 channel was used to assess ROS generation. As shown in [Figure 2a](#fig2){ref-type="fig"}, incubation of IEC-6 cultures with AOPP-RSA induced time- and dose-dependent increases in ROS production. To evaluate whether nicotinamide adenine dinucleotide phosphate (NADPH) oxidases were responsible for intracellular ROS generation, the experiment was repeated with the NADPH oxidase inhibitors diphenylene iodinium (DPI) and apocynin. AOPP-induced ROS generation was significantly decreased in IEC-6 cultures that were pretreated with superoxide dismutase (SOD), DPI, or apocynin separately ([Figure 2b](#fig2){ref-type="fig"}). We also evaluated NADPH oxidase activity in IEC-6 cultures stimulated with AOPP-RSA. As shown in [Figure 2](#fig2){ref-type="fig"}, treatment with AOPPs led to membrane translocation ([Figure 2c](#fig2){ref-type="fig"}) and phosphorylation of p47^phox^ ([Figure 2d](#fig2){ref-type="fig"}), as well as increased expression levels of NADPH oxidase key components p22^phox^, p47^phox^, and gp91^phox^ ([Figure 2e](#fig2){ref-type="fig"}). These results suggested that AOPP-triggered ROS production was dependent on cellular NADPH oxidase activation in IEC-6 cultures.

Next, we sought to elucidate the role of ROS and NADPH oxidase in AOPP-induced apoptosis. In IEC-6 cultures treated with 200 *μ*g/ml AOPPs in the presence of the general ROS scavenger SOD, AOPP-triggered apoptosis was largely abolished ([Figure 2f](#fig2){ref-type="fig"}). Similarly, inhibition of NADPH oxidase with apocynin and DPI significantly reduced IEC-6 apoptosis induced by AOPPs ([Figure 2f](#fig2){ref-type="fig"}). Taken together, these findings imply that AOPPs are sufficient to induce IEC-6 apoptosis by increasing ROS synthesis, which is mediated through cellular NADPH oxidase activation.

AOPP-triggered apoptosis was associated with JNK activation
-----------------------------------------------------------

Intracellular mitogen-associated protein kinases (MAPKs), including extracellular-signal regulating kinase 1/2 (ERK1/2 or p44/42 MAPK), c-jun N-terminal kinase (JNK), and p38 MAPK, have been shown to regulate cell growth, death, and cellular responses to stress.^[@bib19]^ To determine whether the MAPK pathway is involved in AOPP-RSA-triggered cell death, we examined MAPK activity in IEC-6 cultures treated with AOPPs. As illustrated in [Figure 3a](#fig3){ref-type="fig"}, JNK phosphorylation was markedly increased from 30 to 120 min after AOPPs treatment. However, AOPPs had no significant effect on phospho-p38 or phospho-ERK1/2 MAPK levels (data not shown).

AOPPs-activated PARP-1 via the NADPH oxidase--ROS--JNK pathway
--------------------------------------------------------------

It is reported that the caspase-3 and caspase-independent (mediated by PARP-1 activation) pathways can both lead to cell death after inflammatory injury^[@bib14],\ [@bib20]^ or ROS-induced injury.^[@bib16]^ The former is the classic pathway marked by degradation of procaspase-3 into cleaved caspase-3. The latter is characterized by the formation of polymers of ADP-ribose (PAR), decreased NAD+ levels, cytosolic apoptosis-inducing factor (AIF) nuclear translocation, nuclear condensation, and cell death.^[@bib16]^ To confirm which was involved in AOPP-induced death, we examined the activities of both pathways in IEC-6 cultures incubated with AOPP-RSA. We verified that AOPPs stimulated robust PARP-1 activation in IEC-6 cultures from 1 h, which was accompanied by PAR formation ([Figure 3b](#fig3){ref-type="fig"}) and NAD^+^ decrease ([Figure 3c](#fig3){ref-type="fig"}) and was followed by AIF nuclear translocation from 6 h on ([Figure 4](#fig4){ref-type="fig"}). Interestingly, decreased procaspase-3 protein and increased cleaved caspase-3 could be detected after AOPPs treatment ([Figure 3b](#fig3){ref-type="fig"}).

To further evaluate the role of JNK-MAPK in cell apoptosis, IEC-6 cultures were incubated with a JNK inhibitor (SP600125) before AOPP-RSA treatment. The results suggested that activation of the proapoptotic JNK-MAPK pathway has a critical role in AOPP-induced IEC-6 apoptosis.

To further determine the roles of JNK, PARP-1, and caspase-3 in AOPP-induced apoptosis, IEC-6 cultures were incubated with a JNK inhibitor (SP600125), the PARP-1 inhibitor 3,4-dihydro-5-\[4-(1-piperidinyl)butoxy\]-1(2H)-isoquinolin-one (DPQ), or the broad-spectrum caspase inhibitor Z-VAD.fmk before AOPP-RSA stimulation. SP600125 almost completely abolished the AOPP-induced increase in cell apoptosis. DPQ significantly decreased AOPP-triggered cell apoptosis. However, caspase inhibitor treatment failed to statistically decrease AOPP-induced toxicity ([Figure 3d](#fig3){ref-type="fig"}). These data indicate that AOPP-induced cell death is dependent on activation of the proapoptotic JNK-MAPK and PARP-1 pathway, not caspase-3 signaling.

We also pre-treated IEC-6 cultures with DPI, apocynin SOD, or SP600125 before AOPP-RSA incubation. We found that PARP-1 activation was significantly suppressed by SOD, DPI, apocynin, and especially by SP600125. Over time, these suppressive effects became more obvious ([Figure 3e](#fig3){ref-type="fig"}). Therefore, we concluded that AOPPs activate PARP-1 via an NADPH-dependent ROS-JNK pathway.

IEC death was aggravated in AOPP-treated rats and relieved by apocynin
----------------------------------------------------------------------

In an attempt to examine if the effects of AOPPs on cell death observed *in vitro* might also occur *in vivo*, normal male Sprague Dawley rats were randomly assigned into four groups and received intraperitoneal injections of normal saline, RSA, AOPP-RSA, or AOPP-RSA every other day with or without intragastric administration of apocynin for 12 weeks. We found that plasma AOPPs levels increased ∼0.5-fold in AOPP-RSA-treated rats in comparison with control rats, which is equivalent to the level detected in patients with active CD ([Table 1](#tbl1){ref-type="table"}).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining revealed that IEC death was significantly aggravated in AOPP-treated rats when compared with that in control (vehicle- or RSA-treated rats) ([Figure 5](#fig5){ref-type="fig"}). Inhibition of NADPH oxidase by apocynin significantly ameliorated AOPP-induced cell death ([Figure 5](#fig5){ref-type="fig"}).

*In vivo* AOPP-triggered cell death was mediated by the NADPH oxidase--JNK--PARP-1 pathway
------------------------------------------------------------------------------------------

Immunohistochemical staining of intestine showed significant upregulations of p47^phox^, gp91^phox^, and p22^phox^ in AOPPs-challenged rats compared with controls ([Figure 6a](#fig6){ref-type="fig"}). Western blotting confirmed increases in p47^phox^, gp91^phox^, and p22^phox^ expression levels ([Figure 6b](#fig6){ref-type="fig"}). We also performed immunohistochemistry to demonstrate increased JNK phosphorylation and PARP-1 expression in AOPP-challenged rats. PAR generation and AIF translocation were also detected after AOPPs treatment ([Figure 7](#fig7){ref-type="fig"}). Moreover, IECs were positive for TUNEL but negative for caspase-3 (data not shown). These data provide further evidence that AOPP-triggered cell death *in vivo* is mediated by activation of the NADPH oxidase-JNK-PARP-1-PAR pathway rather than by caspase-3 signaling. Treatment with apocynin significantly decreased AOPP-induced activation of the NADPH oxidase--JNK--PARP-1--PAR pathway ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}).

Chronic AOPPs administration promoted inflammation and injury in rat intestinal mucosa
--------------------------------------------------------------------------------------

Histological examination of the small intestine revealed that AOPPs were predominantly deposited in the crypts and lymphocytes of the lamina propria and villous epithelial cells ([Figure 6](#fig6){ref-type="fig"}). Systematic histological assessment of the intestinal tracts revealed significant inflammatory changes; these alterations were primarily localized to the terminal ileum and barely infiltrated the colon tissue. The lesions consisted of shortened intestinal villous; lamina propria and submucosal infiltration of lymphocytes, plasmacytes, and scattered neutrophils; lymphoid follicle hyperplasia; epithelial necrosis and exfoliation; and erosion of the intestinal mucosal layer ([Figures 8c−f](#fig8){ref-type="fig"}). Apocynin treatment attenuated the degree of tissue injury ([Figure 8h](#fig8){ref-type="fig"}). In addition, periodic acid Schiff (PAS) staining showed that chronic AOPPs administration significantly decreased the number of goblet cells compared to control ([Figures 8i--j](#fig8){ref-type="fig"}). We also found that goblet cell numbers were reduced in both the crypts and villi, especially the latter ([Figures 8i--j](#fig8){ref-type="fig"}).

Intestinal mucosa AOPPs deposition was associated with cell death in CD patients
--------------------------------------------------------------------------------

A previous study demonstrated that plasma AOPP concentrations were elevated in patients with IBD, particularly in those with active CD.^[@bib17]^ To further evaluate the effects of AOPPs on IECs in patients with CD, we examined AOPP expression and cell death by immunohistochemistry and TUNEL staining, respectively, in sequential sections of intestinectomy specimens from 23 patients. The normal intestinal tissues adjacent to the diseased regions were used as normal control samples. As shown in [Figure 9a](#fig9){ref-type="fig"}, AOPPs were predominantly deposited in IECs and inflammatory cells in the lamina propria of intestinectomy specimens, whereas AOPPs staining was negative in normal intestinal tissue ([Figure 9a](#fig9){ref-type="fig"}). Likewise, TUNEL-positive cells were detected in the diseased region but rarely in the adjacent normal region ([Figure 9b](#fig9){ref-type="fig"}). In addition, the high immunoreactive score of AOPPs indicated increased cell death ([Figure 9c](#fig9){ref-type="fig"}), suggesting that AOPPs accumulation is associated with cell death in patients with CD.

Discussion
==========

The formation and accumulation of plasma AOPPs are well demonstrated in diverse diseases.^[@bib9],\ [@bib11],\ [@bib21]^ Increasing evidence suggests that AOPPs are pathogenic mediators participating in these disorders, which highlights the urgent need to understand their effects on cells, tissues, and organs under physiological and pathological conditions. In bowel diseases, IEC death is a hallmark of intestinal chronic inflammation and has been proposed as a potential pathogenic mechanism driving IBD in humans.^[@bib15]^ However, the regulation of IEC death remains poorly understood. In the present study, we present *in vitro* and *in vivo* lines of evidence that AOPPs induced IEC death via a redox-dependent, JNK- and PARP-1-mediated pathway. Chronic AOPP-RSA administration to normal rats led to AOPPs deposition in IECs, intestinal epithelial inflammation, and tissue injury. Although the AOPPs used in our study were prepared *in vitro* by incubating albumin with hypochlorous acid (HOCL), previous studies have demonstrated that the biological effects of AOPPs prepared by this method are similar with those extracted from patients.^[@bib10]^ In addition, we found enhanced deposition of AOPPs in diseased regions, and their levels were associated with cell death in patients with CD. To the best of our knowledge, these lines of evidence are the first to verify AOPPs accumulation as a novel mechanism for IEC death and to demonstrate the pathogenic effect of AOPPs on intestinal epithelium. Collectively, they suggest that AOPPs might be involved in IBD progression by inducing IEC death and tissue injury.

Reports on the underlying mechanisms of AOPP-induced cell death are rare. Previous studies have described the involvement of NADPH oxidase-dependent ROS in AOPP-induced podocyte apoptosis.^[@bib21]^ Therefore, to confirm that this mechanism was involved in IEC death, we assessed NADPH oxidase activity and ROS generation in immortalized IEC-6 cultures. The *in vitro* results confirmed that intestinal NADPH oxidases contribute to ROS production after AOPPs administration. Similar results were also observed in the AOPP-treated animal model. Interestingly, ROS production was greatly reduced after RSA treatment with respect to controls, suggesting that unmodified RSA may decrease ROS levels. MAPK signaling has been identified as a significant ROS-sensitive signal transduction pathway associated with IEC proliferation and apoptosis.^[@bib22]^ Previous reports have demonstrated that oxidative stress activates JNK and p38 MAPK through apoptosis signal-regulating kinase 1,^[@bib23],\ [@bib24]^ and JNK is a key modulator in ROS-mediated cell death.^[@bib25]^ The present study further demonstrated that AOPP-induced ROS led to downstream JNK phosphorylation. The downstream modulatory role of JNK in ROS-mediated cell death is controversial, and involvement of both caspase and PARP-1 pathways have been reported.^[@bib26],\ [@bib27],\ [@bib28]^ PARP-1 is an abundant nuclear enzyme that facilitates DNA repair and mediates cell death in ischemia-reperfusion injury,^[@bib29]^ ROS-induced injury^[@bib29]^ and inflammatory injury.^[@bib30],\ [@bib31]^ Our results demonstrated that AOPPs triggered JNK phosphorylation and subsequent PARP-1 activation, followed by PAR formation, large NAD+ decreases, and AIF translocation. Although caspase-3 was activated, its activation was not required for AOPP-induced cell death; rather, it may facilitate PARP-1 degradation. Moreover, we also demonstrated that suppression of JNK activation by a chemical inhibitor significantly reduced AOPP-induced PARP-1 activation, suggesting that JNK contributes to sustained PARP-1 activation.

Our findings demonstrated an unexpected pathological effect of AOPPs in inducing inflammatory changes of the intestine, such as shortened villi; inflammatory cell infiltration; and epithelial erosion, necrosis, and exfoliation. Moreover, chronic AOPP-RSA administration to rats reduced goblet cell numbers, suggesting that these cell types are highly susceptible to AOPPs. Paneth cell death may be important in IBD development,^[@bib15],\ [@bib32]^ but it remains to be investigated whether Paneth cell numbers are reduced after AOPPs treatment. However, pathological alterations induced by AOPPs varied between the ileum and colon tissue. Differences between the two bowel parts implies that intestinal tissue was less resistant to cell death and may provide an explanation for decreased susceptibility of the intestine to neoplastic transformation. In support of this hypothesis, previous studies have shown that stem cells in colonic crypts are more resistant to spontaneous cell death than those in the small intestine.^[@bib33],\ [@bib34]^

Another group reported that the concentration of circulating AOPPs was elevated in patients with IBD, particularly in those with active CD.^[@bib17]^ Our study demonstrated enhanced AOPP deposition in IECs, as well as in inflammatory cells in the lamina propria, which were associated with cell death in diseased tissue from patients with CD. The enhancement of AOPPs both in plasma and in the local intestine suggest that AOPPs may affect the intestine through two pathways. Collectively, these results provide important information for further study of the pathogenic effects of AOPPs.

Taken together, our observations are suggestive of a novel mechanism that aggravates IBD: accumulated AOPPs in IBD patients have the capacity to induce ROS generation, which initiates IEC death and intestinal tissue injury. On the basis of the *in vivo* and *in vitro* evidence presented in this report, we propose that AOPPs may represent a novel pathogenic factor that contributes to IBD progression. Targeting AOPP-induced cellular mechanisms might emerge as a promising therapeutic option for patients with IBD.

Materials and Methods
=====================

AOPP-RSA preparation and determination
--------------------------------------

AOPP-RSA was prepared *in vitro* by incubation of RSA (Sigma, St. Louis, MO, USA) with HOCl (Fluke, Buchs, Switzerland) as described previously.^[@bib10]^ Prepared samples were dialyzed against phosphate-buffered saline (PBS) for 24 h to remove free HOCl and passed through a Detoxi-Gel column (Pierce, Rockford, IL, USA) to remove contaminated endotoxin. Endotoxin levels in AOPP-RSA were measured with a Limulus Amoebocyte Lysate kit (BioWhittaker, Walkersville, MD, USA) and were found to be below 0.05 ng/mg protein. AOPPs contents in the preparations were determined with an OxiSelect AOPP Assay Kit (Cell Biolabs, San Diego, CA, USA); AOPPs contents in the AOPP-RSA and unmodified RSA were 50.10±3.92 and 0.22±0.06 *μ*mol/g protein, respectively.

Cell culture
------------

An immortalized rat IEC line (IEC-6, The Committee on Type Culture Collection, Chinese Academy of Sciences, Beijing, China) was cultured in Dulbecco\'s modified Eagle medium supplemented with 10% fetal bovine serum, 100 mg/ml penicillin, and 100 IU/ml streptomycin in a 5% carbon dioxide atmosphere at 37 °C. Experiments were performed using passages 10--20.

Apoptosis assays in IEC-6 cultures
----------------------------------

Assessment of FITC annexin V-labeled apoptotic cells was performed according to the protocol provided by the manufacturer (Becton Dickinson, Franklin Lakes, NJ, USA). Cells were seeded on six-well plates and treated with or without AOPP-RSA for the indicated time; cells (1 × 10^6^) were suspended in buffer containing FITC annexin V and PI. The samples were analyzed with a FACS Calibur flow cytometer (Becton Dickinson). A total of 10 000 cells were analyzed per determination. Cells were considered apoptotic if they were undergoing either early (Annexin-V-positive, PI-negative) or late apoptosis (Annexin-V-positive, PI-positive).

Determination of ROS generation
-------------------------------

Intracellular ROS generation was measured with a flow cytometer (Becton Dickinson) with the probe DCFH-DA (2′,7′-DCF-diacetate), which is a cell-permeable, non-fluorescent dye that can be oxidized to the fluorescent 2′,7′-DCF by ROS inside cells. Briefly, IEC-6 cultures were incubated with 10 *μ*M DCFH-DA for 30 min at 37 °C followed by AOPPs treatment as described above.

Western blotting
----------------

Cultured cells or frozen rat intestinal tissue samples were lysed in radio-immunoprecipitation assay buffer, and protein was collected after centrifugation and mixed with 5 × sodium dodecyl sulfate (SDS) sample buffer. The samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 8--12% acrylamide gels and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After incubation with primary and secondary antibodies, the protein bands were detected with chemiluminescence detection reagents (Millipore). The following antibodies (Abs) were used: goat anti-p22^phox^, goat anti-gp91^phox^ pAb, and goat anti-p47^phox^ pAbs were all from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-PARP-1 pAb, anti-Bcl-2 pAb, anti-Bax pAb, anti-caspase-3 pAb, anti-JNK Ab, and anti-pJNK Ab were from Cell Signaling Technology (Beverly, MA, USA); anti-PAR mAb was from Millipore; rabbit anti-P47^phox^ pAb was from Sigma; and anti-AIF Ab was from Abcam (Cambridge, UK). Mouse anti-AOPP Ab was a gift from professor Fu Ning (Southern Medical University, Guangzhou, China). Mouse anti-*β*-actin Ab and goat anti-mouse, rabbit anti-goat, and goat anti-rabbit IgG-horseradish peroxidase (HRP) were purchased from Boster (Wuhan, China).

p47^phox^ phosphorylation
-------------------------

p47^phox^ phosphorylation in IEC-6 cultures was measured by immunoprecipitation as described previously.^[@bib18]^ Briefly, cell lysates were incubated with protein A/G agarose beads (Santa Cruz Biotechnology), and a polyclonal rabbit anti-phosphoserine Ab (Abcam). The precipitated immunocomplexes were resolved by SDS-PAGE, transferred onto PVDF membranes (Millipore), incubated with an HRP-conjugated rabbit anti-p47^phox^ antibody (Sigma), and subjected to chemiluminescence detection as described above.

Immunofluorescence staining
---------------------------

p47^phox^ translocation from the cytoplasm to the membrane and AIF migration were detected using immunofluorescence staining. Cells were fixed with paraformaldehyde, washed, and permeabilized with 0.1% Triton X-100 for 20 min. After blocking with non-fat milk for 1 h, the cells were incubated with anti-p47^phox^ or anti-AIF Ab overnight at 4 °C. The cells were then incubated with Alex 555-conjugated donkey anti-goat IgG (Invitrogen, Carlsbad, CA, USA) or rhodamine-conjugated chicken anti-rabbit IgG-R, stained with DAPI (4′,6-diamidino-2-phenylindole), and observed under an OLYMPUS XB-51 fluorescence inverted microscope (Olympus, Tokyo, Japan).

Nuclear/cytosolic fractionation
-------------------------------

Subfractionation was performed using a Nuclear/Cytosolic Fractionation Kit (Beyotime, Wuhan, China). IEC-6 cultures were washed with ice-cold PBS, scraped from the plates, and collected. After centrifugation, the supernatant was discarded, and the cells were suspended with Cytosol Extraction Buffer containing DTT/protease inhibitors, incubated on ice for 10 min, and Cell Lysis Reagent was added. The nuclei fraction was fractioned at 800 × g for 10 min. The supernatant was further centrifuged at 12 000 × g for 10 min, and the final supernatant was collected for cytoplasmic fraction. The nuclei pellet was washed and resuspended with Nuclear Extraction Buffer containing DTT/protease inhibitors.

Animal studies
--------------

The protocols of this study were approved by the Laboratory Animal Care and Use Committee of Southern Medical University. Male Sprague Dawley rats (initial weight, 160--200 g, Southern Medical University Animal Experiment Center, Guangzhou, China) were housed in a pathogen-free environment and allowed free access to water and diet. The rats were randomly divided into four groups containing six animals per group and received daily intraperitoneal injections of vehicle (PBS, pH 7.4), unmodified RSA (50 mg/kg per day), AOPP-RSA (50 mg/kg per day), or AOPP-RSA (50 mg/kg per day) with or without separate intragastric administration of NADPH oxidase inhibitor apocynin (Sigma, 50 mg/kg per day). AOPP-RSA dosages were based on our preliminary experiment indicating that by this procedure, plasma AOPP concentrations in the AOPP-RSA-treated group increased ∼0.5-fold compared with the vehicle group (the level that has been found in IBD patients).^[@bib17]^ At the end of 4, 8, or 12 weeks, rats were anesthetized with sevoflurane and exsanguinated. The duodenum, jejunum, and ileum were collected, flushed with ice-cold PBS, and stored for further analyses.

H&E staining, PAS staining, and immunohistochemistry
----------------------------------------------------

Duodenum, jejunum, and ileum tissues were separately removed and fixed in neutral-buffered formalin. Formalin-fixed specimens were embedded in paraffin, cut into 3--4-*μ*m-thick transverse sections, and stained with hematoxylin and eosin (H&E) to assess epithelial morphology and eosinophilic infiltration. PAS staining was performed according to standard protocol using PAS Staining System reagents from Sigma.

For immunohistochemistry studies, after antigen retrieval, endogenous peroxidase activity, and normal serum blocking, the sections were incubated with primary antibody overnight followed by biotinylated secondary antibodies (Zhongshanjinqiao, Beijing, China). Proteins were visualized as brown pigments via a standard diaminobenzidine (Zhongshanjinqiao) protocol. The slides were lightly counterstained with hematoxylin.

Apoptosis assays of intestinal tissues
--------------------------------------

Apoptotic cells in the intestinal tissue sections were assessed with TUNEL assays (*In situ* cell death detection kit, Roche, Mannheim, Germany). Briefly, tissue sections were incubated with proteinase K for 20 min at room temperature and then washed with PBS. After inactivating endogenous peroxidase, sections were incubated in TdT buffer containing FITC-conjugated dUTP at 37 °C for 60 min. Morphological nuclear changes were observed by counterstaining with DAPI (Beyotime). The sections were analyzed under a confocal microscope (Carl Zeiss, Inc., Oberkochen, Germany). The apoptotic cells were counted in five random high-power fields (HPF, each 300 cells), and a total of 1500 epithelial cells were counted. The positive cells were scored for apoptosis. Data were expressed as numbers of apoptotic cells/HPF.

Patients and specimens
----------------------

A total of 23 formalin-fixed, paraffin-embedded intestinal resection specimens from CD patients who underwent segmental small bowel resection were obtained from the Nanfang hospital of Southern Medical University (Guangzhou, China) from 2010 to 2012. The diagnosis of CD was based on established clinical and histologic criteria. Patients with malignant tumor, cardiovascular disease, severe infection, or infliximab use were excluded. Normal intestinal tissue adjacent to diseased tissue was used as normal control. This study was approved by the Medical Ethical Committee of Nanfang hospital, and specimens were treated anonymously according to ethical and legal standards. Patient demographic data are presented in [Table 2](#tbl2){ref-type="table"}.

Statistical analysis
--------------------

All experiments were repeated at least three times. Continuous variables are expressed as mean±standard deviation (S.D.). For multiple comparisons within a data set, one-way analysis of variance with least significant difference or Dunnett\'s T3 test was performed. A two-tailed *P*-value of \<0.05 was considered statistically significant. Statistical analyses were performed with SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).
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![AOPPs challenge induced IEC apoptosis in a concentration- and time-dependent manner. (**a**) Apoptotic morphology of IEC-6 cells nuclei. The nuclear condensation/fragmentation observed with DAPI staining after AOPP-RSA treatment. (**b**--**c**) Representative dot blots of FITC-annexin-V *versus* PI. IEC-6 cells were incubated with 200 *μ*g/ml AOPP-RSA for the indicated time period, or the indicated concentrations of AOPP-RSA or native RSA for 24 h. Apoptosis was quantified by measuring combined early and late apoptotic cells using flow cytometry and was found to increase in a time- and dose-dependent manner. \**P*\<0.01 *versus* control. (**d**) Histogram of total FITC-annexin-V fluorescence (inset). Data are presented as mean±S.D. from experiments performed in triplicate. \**P*\<0.05 *versus* control](cddis2013542f1){#fig1}

![AOPPs triggered intracellular NADPH oxidase-derived ROS production in IEC-6 cells. (**a**) IEC-6 cells were incubated with control medium, RSA, or AOPPs prior to a 30-min DCFH-DA treatment. ROS production was determined by flow cytometry quantification of DCF fluorescence. Data are presented as mean±S.D. from experiments performed in triplicate. \**P*\<0.05 *versus* control. (**b**) IEC-6 cells were incubated with AOPPs in the presence or absence of SOD, DPI, or apocynin for the indicated times, and AOPP-triggered ROS generation was significantly decreased by pretreatment with NADPH oxidase inhibitors, as well as SOD. (**c**) Representative images of AOPP-induced membrane translocation of p47^phox^. Magnification is × 400. (**d**) Co-immunoprecipitation showed p47^phox^ phosphorylation. (**e**) AOPP-induced activation of NADPH oxidase in IEC-6 cells. IEC-6 cells were incubated with AOPPs for 0--24 h, and protein expression levels of NADPH oxidase subunits, including p47^phox^, p22^phox^, and gp91^phox^, were determined by western blotting. (**f**) IEC-6 cells were pretreated with a ROS scavenger (SOD) and NADPH oxidase inhibitors (DPI and apocynin), The cells were then treated with 200 *μ*g/ml AOPP-RSA for 24 h. Apoptosis was quantified by flow cytometry. Data are presented as the mean±S.D. of three experiments. \**P*\<0.05 *versus* control. ^\#^*P*\<0.05 *versus* AOPPs](cddis2013542f2){#fig2}

![Cellular events after AOPPs treatment. (**a**) p-JNK activation in AOPP-treated IEC-6 cells. (**b**) AOPP challenge induced PARP-1 activation and PAR formation in parallel with a reduction of nicotinamide adenine dinucleotide (NAD+) as shown in [Figure 3c](#fig3){ref-type="fig"}. Caspase-3 was activated from 3 h post-AOPP treatment, at the same time PARP-1 cleavage was observed. (**c**) Time-course analysis of cellular NAD+ depletion in IEC-6 cells after AOPP treatment. NAD+ level reduced to 80% of control within 1 h, and was maintained at 67% after 3 h (*P*\<0.001). (**d**) IEC-6 cells were pretreated with a JNK inhibitor (SP600125), a PARP inhibitor (DPQ), or a caspase-3 inhibitor before AOPP-RSA incubation. SP600125 and DPQ significantly decreased AOPP-induced cell apoptosis, but Z-VAD failed. (**e**) AOPP-induced PARP-1 activation was inhibited by pre-incubation of SP600125, SOD, DPI, and apocynin. After 1 h pretreatment with SP600125, SOD, DPI, or apocynin, the cells were removed from or continuously exposed to these inhibitors, then the cells were treated with AOPPs for 12 h. \**P*\<0.05 *versus* control. ^\#^*P*\<0.05 *versus* AOPPs](cddis2013542f3){#fig3}

![AIF translocation in AOPP-treated IEC-6 cells. (**a**) IEC-6 cells were incubated with an anti-AIF antibody after AOPP-RSA treatment for the indicated time, incubated with a rhodamine-conjugated secondary antibody, and counterstained with DAPI. AIF nuclear translocation is demonstrated by the overlap of AIF and nuclear staining. (**b**) Analysis of AIF translocation using nuclear/cytosolic fractionation immunoblotting. IEC-6 cells treated with AOPPs for 12 h were subjected to subcellular fractionation, and immunoblotting was performed with nuclear and cytosolic fractions. Histone and *β*-actin were used as nuclear and cytosolic marker proteins, respectively](cddis2013542f4){#fig4}

![TUNEL staining. Representative photographs showing TUNEL immunofluorescence in rat small intestinal epithelium with or without AOPP-RSA treatment](cddis2013542f5){#fig5}

![NADPH oxidase activation in AOPP-challenged rats. (**a**) Immunohistochemical staining of AOPPs, p22^phox^, p47^phox^, and gp91^phox^ in AOPP-challenged rats and controls. (**b**) Expression levels of p22^phox^, p47^phox^, and gp91^phox^ in intestinal mucosa were detected by western blotting. \**P*\<0.05 *versus* vehicle. ^\#^*P*\<0.05 *versus* AOPPs](cddis2013542f6){#fig6}

![Immunohistochemical detection of p-JNK, PARP-1, PAR, and AIF in rat intestinal mucosa. AOPPs treatment increased JNK phosphorylation and PARP-1 expression. PAR generation and AIF translocation were detected in AOPP-challenged rats and was ameliorated by apocynin treatment](cddis2013542f7){#fig7}

![AOPPs treatment of rats induced morphological changes of the small intestinal epithelium and altered the number of goblet cells. H&E staining showed almost normal intestine in (**a**) vehicle and (**b**) RSA groups, whereas (**c**, **d**) epithelial erosion and inflammatory cell invasion into the lamina propria and submucosal layer, (**e**) lymphoid follicle hyperplasia, (**f**) epithelial necrosis, and (**g**) epithelial exfoliation were found in AOPP-treated group. (**h**) Apocynin attenuated the degree of AOPP-induced tissue injury. (**i**) PAS staining in the small intestines of rats treated with or without AOPPs. (**j**) Quantification of goblet cells per crypt±S.D. of control, RSA, AOPPs, and AOPPs+apocynin group (*n*=6 per group). \**P*\<0.05 *versus* control. ^\#^*P*\<0.05 *versus* AOPPs](cddis2013542f8){#fig8}

![(**a**) Representative images of AOPPs immunochemistry in paraffin sections of resected intestinal specimens from patients with CD (*n*=23). Normal tissue adjacent to the diseased intestine was used as a normal control. (**b**) Immunofluorescence TUNEL labeling in small intestinal epithelium sampled from patients with CD. (**c**) The high AOPPs immunoreactivity score revealed an increased number of apoptotic cells. HPF: high-power fields. \**P*\<0.05 *versus* control](cddis2013542f9){#fig9}

###### Body weight, plasma AOPPs, and histologic findings in rats

  **Week 12 (*****n*****=6)**   **Body weight (g)**   **Plasma AOPPs (*****μ*****M)**   **Inflammatory infiltrate (*****n***)   **Mucosal erosion (*****n***)
  ----------------------------- --------------------- --------------------------------- --------------------------------------- -------------------------------
  Control                       335.22±35.22          116.12±4.40                       0                                       0
  RSA                           328.83±28.83          117.40±10.95                      1                                       0
  AOPPs                         318.36±18.36          165.61±8.71\*                     5                                       4
  AOPPs+apocynin                328.37±28.37          142.91±14.02\*\#                  2                                       0

Abbreviations: AOPPs, advanced oxidative protein products; RSA, rat serum albumin

\**P*\<0.05 *versus* vehicle. ^\#^*P*\<0.05 *versus* AOPPs

Data are expressed as mean±S.D., *n*=6

###### Characteristics of patients with CD (*n*=23)

  **Parameter**             
  ------------------------ -------------
  *Gender*                 
   Male                    20
   Female                  3
  Age (years)              35.61±14.30
                            
  *Disease location*       
   Small bowel             12
   Small bowel and colon   11
  CRP                      34.74±32.45
  ESR                      34.08±28.37

Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate

Data are expressed as mean±S.D.
